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Abstract—An analog fiber-optic link transporting the wireless
code-division multiple-access (CDMA) signals requires the min-
imum dynamic range of only about 30 dB. Motivated by this re-
laxed requirement, we have recently proposed a passive optical net-
work for CDMA-based microcellular communication systems. In
this paper, we reviewed the basic design rules and demonstrated
various networks using double-star and ring architectures. We im-
plemented these networks by using inexpensive light sources such
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as a Fabry—Perot laser (for downstream) and light-emitting diodes pea b ove [
(for upstream). The results show that these networks could support — e
more than eight remote base stations located withir-10 km from : S
the central base station. [won H e H
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Index Terms—Code division multiple access (CDMA), passive i #) r
optical network (PON), personal communication service (PCS), CBS

subcarrier multiplexing (SCM), wireless communication.
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. INTRODUCTION

UE TO the explosive growth of wireless communicatiofrig. 1. Fiber-optic link for wireless communication systems.
in recent years, network operators are having tremendous

difficulties accommodating the increasing traffic. The microcegimp"fy the operation and maintenance of the network since all
lular system could relax this problem by utilizing the radio spegpe complicate control equipment is housed at the CBS. How-
trum efficiently and enhancing the system’s capacity. It coulgler, the most important advantage of this network should be
also reduce the power consumption of the mobile transceivefgibuted to the transparency of fiber-optic links. In this sub-
(i.e., handset), as the cell diameter becomes smaller than a f%’lvrier-multiplexed (SCM) network, the RBS simply acts as a
hundreds of meters. However, the reduced cell size imposes figote antenna. Thus, the network operators should be able to
problems: alarge number of remote base stations (RBSs) ShQ%rade their network without changing the RBSs. For example,
be installed within small areas and the network should be alj modulation format of the radio signals could be changed
to ensure the seamless connection among the numerous RB®Sply by replacing the modulators and demodulators at the
Thus, for the practicalimplementation of microcellular systemggs, The dynamic channel allocation could also be achieved
it is essential to reduce the cost and size of RBSs and move ét&%ily since all the channel assignment and management func-
complicate control circuitry to the central base station (CBS)gns are processed at the CBS. Thus, it would be possible to
Fiber-optic network offers many advantages for this PUrpO$fovide a new type of service without changing the RBSs (as
[1]-[7]. Fig. 1 shows a typical fiber-optic network for wirelesggng as the electric amplifiers in RBSs have wide enough band-
communication system. In this network, the modulators (MOR)idth to support these new services).
and demodulators (DEM) are placed at the CBS and the radiqppne of the most important parameters in designing the
signals are transported by optical fibers using subcarriers. Thgiger-optic network for microcellular systems would be the dy-
each RBS consists of only an electric-to-optic (E/O) convertgfamic range required for the upstream transmission from RBS
an optic-to-electric (O/E) converter, and electrical amplifier$s cBS. This is mainly because the upstream E/O converter
These small RBSs could be mounted on the electric polesyfyst be able to handle the large variation of received signal
the street and reduce the installation costs. In addition, it WOLB@WE.I- from different mobile transceivers. For example, even
when the cell diameter is only about 1 km, the signal power
Manuscript received April 3, 2000; revised August 17, 2000. This work wagceived at the RBS antenna could vary as much as 80-90 dB
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150 systems would require the SFDR of only 55-75 dB¥#z
(including 10 dB for margin and 5 dB for spectral fluctuation
of the CDMA signals) for the upstream transmission [7], [12],
[13]. On the other hand, in TDMA-based systems such as
Global System for Mobile Communications (GSM) and Digital
- N Cellular System-1800 (DCS-1800), the mobile transceivers are
\ \1\ \ \ FP-LD } typically designed to control the transmitted powers up to about
DTN 28 dB [9]. Accordingly, it has been reported using simulations
AR m o that the fiber-optic link transporting TDMA-based signals
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. systems [10], [11]. Because of this stringent dynamic range
-130 -110  requirement of TDMA-based systems, all the previously
Relative Intensity Noise (dB/Hz) demonstrated fiber-optic networks for wireless communication

systems were based on the single-star architecture [1]-[3],

Fig. 2. Achievable SFDR for various optical transmitters. In this figure, W'E%]’ [6]. In addition, these networks utilized high-performance
assumed that the received signal power could range from 0.2 to 5 mW for D

and FP lasers. In the case of LEDs, however, the received signal power ﬁ&tlcal t_ransmltters at the RBSs. We have recently. pointed out
assumed to be in the range of 10-300'. We also assumed that the input third-that, unlike the TDMA-based systems, the fiber-optic networks

order intercept point of the optical transmitters was 20-30 dBm. It should lg§y CDMA-based systems could have various network architec-
noted that the SFDR requirements of both TDMA- and CDMA-based systerps includina double-star. b d ri d utilize | t
(shaded areas) included the system margin of 10 dB. ures (including double-star, bus, and ring) and utilize low-cos
optical sources at RBSs since their dynamic range requirement
) ) _ . is mitigated by more than 20 dB [12]-[16].
spurious-free dynamic range (SFDR). The SFDR is an input|, this paper, we propose and demonstrate the passive op-
signal range in which the carrier-to-noise ratio (CNR) exceegs | networks (PONs) for CDMA-based microcellular commu-
one and the two-tone third-order intermodulation product coulfl.otion systems. In Section II, we describe the performances
be neglected. Thus, the SFDR represents only the performageg,«se networks based on double-star architecture. To examine
of the fiber-optic link. In_ general, th_e SFDR IS I|m|teq by theEhe possibility ofimplementing the proposed network with inex-
performan_ce of the opt|cal_ trgnsmltters, since the fiber-oplig,ngjve optical sources, we compared the network performances
link for W're'?ss communication -system typically c?'C’er":lte\ﬁlith DFB lasers, FP lasers, and LEDs. In Section Il we demon-
over a short d|s.tance<(~.10 km). Fig. 2 shows the gchlevab_lestrate a bidirectional PON to enhance the cost-effectiveness of
SFDRs for various opgc'all transmitters. To obtain the higlpe hroposed network. However, these networks, based on the
SFDR over 120 dB/H?, it is necessary to use a high-poweyjo pje-star architecture, are vulnerable to fiber failures. In Sec-
optical source with low relative |_ntens_|ty noise (RIN), suciﬁon IV, we show that the proposed network can also be im-
as an NP“YAG Ia;er a”‘?' a low-distortion external modulatgfie mented with ring architecture for the self-healing capability.
[3]. The inexpensive optical sources such as Fabry—Perot (Rfplre was no significant difference on the network’s scalability

lasers and light-emitting diodes (LEDs) can achieve the SFOyeen these two architectures. Finally, this paper is summa-
of only 70-100 dB/HZ/® [7]. rized in Section V.

Recently, code-division multiple-access (CDMA) tech-
nology has been introduced for the personal communicati N b ASSIVE OPTICAL NETWORK FORCDMA-BASED WIRELESS
service (PCS) systems [8]. It has been reported that the COMMUNICATION SYSTEM
CDMA-based systems have about three times greater capacity
than the systems using the time-division multiple-accessFig- 3 shows the dynamic range of upstream CDMA signals
(TDMA) technologyt In addition, CDMA has been selectedgmeasured at the PCS base stations operating for commercial
as a standard radio transmission technology for Internatio&rvices. We measured the received powers of CDMA signals
Mobile Telecommunication-2000 (IMT-2000). (See TIA Stan€very 20 milliseconds for about 40 h by using an RF spectrum
dards and Technologies: http://www.tiaonIine.org/standards"i‘(za'y_Zer (resolution: 100 kHz) at two different base stations.
However, the upstream performance of the CDMA-basddre first bqse station (B$1_), whu;h was located at the outskirts
system could be limited by the interference from other usepha large city, had a traffic intensity 67 Erlangs. The second
(i.e., a strong signal from a certain user could degrade tngse station (BSZ), placed at downtown had, a trafﬂc Intensity
performances of other users due to the near—far probler?l .’_\“16 Erlangs. Fig. 3 shows that the received signal power
Thus, the CDMA-based system employs a strong power cont ried about 11 dB at BS1 and 15 dB at BS2 (99% Of. tlme)_.
scheme in the mobile transceivers (on the order of 80 dB e average received power of the upstream CDMA signal is

commercial PCS systems) [9]. Due to this tight power Contrgroportlonal to the number of active users [12]. Thus, if we

. - 0 o
involved in the CDMA mobile transceivers, the required dy@ccept the blocking pr.obab|l|ty of 1%, the power var|at|pn of

: o L he upstream CDMA signals would be 18 dB for the maximum
namic range of upstream transmission is relaxed ygmﬁcantfi

50
-170 -1

) , o affic intensity of 30 Erlangs. By adding 10 dB headroom for
Fig. 2 shows that the analog fiber-optic links for CDMA-base e system margin, we obtained that the required upstream

1See the Qualcomm home page: http://www.qualcomm.com. dynamic range should be 28 dB, which can be translated to the
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CNR (dB) Although this architecture requires up/down converters at each

20 RBS, it offers many advantages. For example, it requires only

one optical source for the signals transmitted to each RBS, pro-
vides optical fiber gain, and mitigates frequency requirements

of various optical and electrical components. The optical beat

interference (OBI) caused by optical sources at multiple RBSs

could be suppressed by using either the wavelength-selected
DFB lasers or broad-band optical sources such as LEDs [17].

o
a

A. PON with Double-Star Architecture

We first analyzed the performance of a PON wild
RBSs. The performance of this network would be limited by
the upstream transmission. Thus, we evaluated the upstream
performance by using the carrier-to-noise-and-distortion ratio
(CNDR) at the receiver, which can be described as

Cumulative Probability

0.01

Received power (dBm)

CNDR™' = CNRyx + CNR;! + CNRgjy + CNRG L
Fig. 3. Dynamic range of upstream CDMA signals measured at commercial RX + RSh + RIN F ROBI

PCS base stations. The first base station (BS1), which was located at the + CDRqu:B + CDR&I. (1)
outskirts of a large city, had a traffic intensity ©f7 Erlangs. The second base

station (BS2) placed at downtown had a traffic intensity-dfé Erlangs. The first three terms on the right of this equation represent

the CNRs by receiver noise, shot noise, and RIN, respectively.
These three terms can be written as

m2I3
CNRrx = ———2— 2
X 2B (iR @
il vy mQIO
Jrs— - CNRy, = 3
|—| — Ru = 3.BM 3)
- Gy 2
| m
I CNR = 4
ot | rrm "N T ORIN - BM @
CEeS where
m optical modulation index (OMI);
Iy photocurrent from the signal source;
(i%+) thermal noise of the receiver;

B noise bandwidth;
q electrical charge;
Fig. 4. Schematic diagram of the proposed PON for CDMA-based micro- RIN relat_lve intensity noise of the optical source;.
cellular communication systems. In these equations, we assumed that the upstream optical source
at each RBS emitted the same optical power.

/3 (s . , The fourth term on the right of (1) represents the CNR degra-
SFDR of 68 dB/Hz’" (since the noise bandwidth of CDMA 444 gue to OBI. Ina PON, the upstream light sources placed

signal is 1.23 MHz). The measured dynamic range of thg ppss could generate the OBI noise at the receiver and de-

C'ﬁM'AI‘, signal wa32 similar tc;]_the \I/alu§»(30 dB) repor.te<(jj N grade the system’s performance. To characterize the effect of
other literature [12], [13]. This relaxed requirement is due B, \\ise. it is helpful to utilize the relative optical beat inter-

the s_tringent power controh{80 _dB) included in the CDMA ference noise (ROBIN) [18]. ROBIN is analogous to the defi-
mobile transceivers. Thus, unlike the TDMA-based systerg;, of RN and represents the amount of wavelength overlap

(which requires>60 dB of dynamic range), the fiber-opticy o veen two interfering signals. Thus, the carrier-to-OBI-noise
network for CDMA-based wireless communication systeMLiio can be expressed as

could be implemented by using low-cost optical sources for

the upstream traffic. For example, the uncooled, unisolated FP m2
and DFB lasers have been used for the transport of upstream CNRopr = = )
CDMA signals over 18-km-long single-mode fiber (SMF) [12]. 2B Z ROBIN;;

The relaxed dynamic range requirement of CDMA signals
would also allow the use of various network configurations
such as passive double-star, bus, and hybrid fiber-coax (HR@)ere ROBIN; represents ROBIN between optical sources at
[13]-[16]. Fig. 4 shows the schematic diagram of passiRBS+:¢ and RBS;j [18]. It should be noted that the OBI noise

double-star network for CDMA PCS. In this network, eacls determined by the convolution of the optical power spectral
RBS is accessed by using intermediate frequencies (IFdgnsities of two interfering optical signals. Thus, ROBIN is very

4,9,8#]
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sensitive to the spectral shape of the optical sources. For ey 60
ample, when DFB lasers (with Lorentzian line shape) were use!

for upstream optical sources, ROBIN is given by 50 +
4 AUF
ROBIN;; = - ——— 6 =
T m Av + 6 © S 4l
x
where Avp is the linewidth of the optical source ard;; is =) %

the difference between the center optical frequencies of the tw &
interfering optical sources and j [19]. Thus, when the up-

stream DFB lasers had linewidth of 10 MHz and the optical 20 |
frequencies of these lasers were separated by more than C

nm (~40 GHz), ROBIN would become as low ag140 dB/Hz. 10 L LLA R
Equation (5) shows that the carrier-to-OBI-noise ratio decrease  0.0001 0.001 0.01 0.1 1
linearly as the number of RBSs increases if the DFB lasers ha oM

equal channel spacing. On the other hand, the ROBIN for the
broad-band optical sources such as LEDs can be described as
1 4

(@
40

The ROBIN generated from LEDs is independent of the
wavelength separatiorfj, due to their broad spectra. For
typical LEDs (linewidth = 50 nm at 1.3m), ROBIN is about
—128 dB/Hz. However, the CNfsr decreases rapidly as the
number of LEDs (i.e., RBSs) increases. This is because, in
PON with M RBSs, there arg;C, combinations of ROBIN 20
generated in pairs and the CNR; is degraded by a factor of
M(M — 1)/2. Nevertheless, LEDs could be more attractive
than DFB lasers for the use in the PON. In case of using the
DFB lasers at RBSs, ROBIN could be as high-a80 dB/Hz
if the optical spectra of any two lasers accidentally overlappec
each other. Thus, to avoid the OBI-induced impairment, it is
essential to operate every DFB lasers at different wavelengths (b)
(at least several tens of gigahertz away from each other) [28.5. CNDR versus OMI for various noise and distortion terms for upstream
This would require the use of wavelength-selected DFB lasdi@nsmission. (a) Wavelength-selected DFB lasers (b) Light-emitting diodes.
. e . . . The device parameters used in this figure are listed in Table I.
with wavelength-stabilization circuit at every RBS, which

would increase the cost of RBSs significantly. .
The fifth term on the right of (1) represents the carrier-to- The last term on the right of (1) represents the CDR degrada-

. . i . . tion due to clipping distortion, which occurs when the bias cur-
distortion ratio (CDR), which can be written as [2] rent falls below threshold current instantaneously [21]. It can be

w
o
T

CNDR (dB)

10 T —
0.001 0.01 0.1 1

OMI

2 expressed as
CDR¢TB = % (8) P
3Ly, CDR., — V2r(14 64°) 1 10
where Ra = I P\ 22 (10)
Nmz  number of third-order intermodulation tones; : o 172
P input RE power: wherey is the total rms modulation indexi(N/2)'/?). The

IPs input third-order intercept point. clipping distortion becomes important when the total rms mod-

In this equation, we ignored the second-order intermodulatigfplion index is greater thar25%.

term since most fiber-optic networks for transporting wireless F19- 9(&) and (b) shows the CNDR limited by various noise
signals utilize less than one octave of bandwidth. Thus¥or and distortion terms for the cases of using DFB lasers and LEDs

carriers, the number of intermodulation tones atittiesubcar- for upstream transmission, respectively. In these figures, we as-
rier can be described as sumed that eight RBSs were connected to the CBS wia8
star coupler and the link loss was 15 dB [9 dB (star coupler)

Nivs = E(N —k4+1)+ 1{(1\7 —-3)? -5} 3 dB (fiber)+ 3 dB (WDM or directional coupler)]. The other
2 4 parameters are summarized in Table I. As shown in Fig. 5(a),
— 1{1 — (_1)1\"}(_1)1\"+k (9) Wwhenwe used DFB lasers with wavelength separation of 0.8 nm,
8 the OBI noise was much smaller than the shot noise. Thus, the
wherek = 1 represents the first channel [2]. The highegterformance of this system would be limited by the shot noise

number of intermodulation terms, which falls on the center efhen the OMI was set to be within 8%. However, the clipping
the signal band, becomes to {82V? — 14N + 8)/8. distortion became dominant as the OMI increased-i®%.
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TABLE |
OPTICAL DEVICE PARAMETERS USED IN FIG. 5
Devices Symbol Description Values
P, Output power 1 mW
RIN Relative intensity noise ~155dB/Hz
DFB laser 1P, 3-rd order intercept point 20 dBm
n slope efficiency 0.15W/A
P, Output power 0.1 mW
AUp Linewidth 50 nm
LED 1P, 3-rd order intercept point 25 dBm
n slope efficiency 2.5 mW/A
. <ipy> Receiver noise current 4 pA/\/Hz
Receiver P Responsivity 09 A/W

Fig. 5(b) shows the performance of upstream transmission wh
we used low-cost LEDs instead of the wavelength-selected DF
lasers. In this case, the maximum achievable dynamic range v
limited to about 30 dB. Both the OBI and receiver noises cor
tributed to this limitation almost equally, if the OMI was set to

CDMA
Signal
Generator

1810 MHz

1,2337 MHz

be smaller than 20%. However, when the OMI exceeded 20 54 ynes (247 - 331, | Multi-tone A\t/ggﬁgﬁr

spurious components generated by the nonlinear characteris 343 -433 MHz) | Generator

of LED became dominant over the clipping distortion. 10 km SMF

Spectrum
B. Experiments Analyzer "
Fig. 6 shows the experimental setup to demonstrate the pi | coma Selter

sive double-star network for wireless CDMA services depicte | S/ Ste 1810 MHz 247 - 433 Mz

in Fig. 4. We have implemented the proposed network with va.

ious optical sources (such as DFB lasers, FP lasers, and LEDs) @

to examine the possibility of using inexpensive components. Th~

experimental setup for the downstream is shown in Fig. 6(a). W 122 ) f;; m:z (Egg) A-selected DFB

have used either a 1.55m DFB laser or a 1.3sm FP laser. The ) 2 (LED) or LED

output powers of the DFB laser and FP laser were 1.7 mW an é”iﬁ;ﬁ‘;?; E/O

0.7 mW, respectively. The CBS transmitted 32 CDMA signals tc Variable

eight RBSs (i.e., four CDMA signals to each RBS) and these sic Attenuator E/lo 1x8

nals were down-converted to the IF region of 247-433 MHz. Ir . Splitter

general, each CDMA signal (bandwidth: 1.23 MHz) can suppor .

about 30 voice channels [22]. We used one CDMA signal an E/O

31 tone-signals spaced at 6 MHz. The CDMA signal was down

converted from 1.81 GHz to 337 MHz and placed at the center ¢ @

the IF region to measure the signal degradation by the spuriol ipecltr“m | E

components. The downstream signals traversed through 10 k neveer | 10 km
Amplifier SMF

of SMF to a 1x 8 optical splitter. The total link loss was 16 dB

at1.3upmand 13.5dB at 1.56m. A PIN-FET receiver was used

at each RBS. The performance of the downstream transmissi@)) 6. Experimental
was evaluated by measuring the CNR and waveform quality Byeam. (b) Upstream.
using an RF spectrum analyzer and a CDMA cell site test set,

setup to demonstrate the proposed PON. (a) Down-

respectively. RBSs. These lasers operated in the spectral region of 1547-1558
Fig. 6(b) shows the experimental setup for the upstream tranga with the minimum spacing larger than 0.2 nm. We modu-
mission. We assumed that each RBS utilized two independéated one laser with eight IF tones spaced at 6 MHz between
antennas for spatial diversity to avoid signal degradation due®9 and 241 MHz, while operating seven lasers without modu-

the multiple reflection of radio signals. Thus, each RBS shoulation. We have also used low-power (#W) LEDs operating
down-convert eight CDMA signals to IF region and transmit tat 1.3m instead of the wavelength-selected DFB lasers. The
the CBS. We have first implemented the RBSs by using wavgpectral width of the LEDs was about 65 nm. In this case, how-
length-selected DFB lasers. Eight DFB lasers were connectaer, the IFs were chosen to be around 100 MHz to avoid the
to the 1x 8 star coupler to simulate the situation with eighsignal degradation by the limited bandwidth of the LEDs.
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60 1.00
m¢ Experiment I bac_k:tE):b.a_c!( _____
50 — Calculation 008 k
[«
o >
g 26 d8 £ i DFB Fabry-Perot
a T 096
x 30 g
3 26 dB g
Z 5 094
(&) >
20 | g
0o L 32.5dB K
10 F Fabry-Perot ’ ;JI p=0.912
0 " " 1 0.90 -/ 1 ] 1 L
0.0001 0.001 0.01 0.1 1 0.0001 0.001 0.01 0.1 1
OMI

OMI

. Fig. 8. Measured waveform quality versus OMI for the downstream (after
Fig. 7. Measured CNR versus OMI for the downstream (after 10-kAgkm transmission). The dashed line (back-to-back) was measured as a
transmission). The CBS transmits 32 CDMA signals to eight RBSs (foygference line by connecting the CDMA signal generator to the CDMA cell
CDMA signals for each RBS). site test set directly without E/O and O/E conversions.

C. Results 60

Fig. 7 shows the measured CNDR versus OMI for the down- me Experiment

stream in comparison with the calculated curves using (1)—(10, %0 [ — Calculation

The OMI could not exceed 8% since the CNDR was reducec

drastically by the clipping distortion for both types of lasers. @ [

When the DFB laser was used to transmit 32 CDMA signals E 30 30dB

(and the OMI was set to be within 8%), the downstream per- % \ o\
*

formance was mainly limited by shot noise. However, when G, | ;_selected
we used an unisolated FP laser, the thermal noise limited th DFB

system’s performance due to the low output power (0.7 mW, 10 F LED

and large fiber loss (16 dB). We did not observe any significan

impulse noise caused by Rayleigh backscattering [12], [23] 0 . L .

Typically, an analog fiber-optic link transporting CDMA signals 0.0001 0.001 0.01 0.1 1

requires a minimum dynamic range of about 26 dB (including OMI
15-dB margin) for the downstream transmission [12]-[14]. The
measured results show that both types of lasers could well sa§- 9. Measured CNR versus OMI for the upstream (after 10-km trans-
isfy this dynamic range requirement of 26 dB. mission). We assumed that each RBS should transmit eight CDMA signals
Fig. 8 shows the measured waveform quality versus OMI. .”(Ilgstead of four signals) to the CBS to accommodate diversity antenna.
waveform quality represents the normalized cross-correlation of
the transmitted RF waveform in comparison to the ideal wavkasers, which satisfied the requirement of the upstream transmis-
form. This is an important measure of system’s performans@®n (30 dB). However, when we used LEDs instead of wave-
since the CDMA signals require correlative receivers. For thength-selected DFB lasers, the measured CNDR could not ex-
downstream, the waveform quality should be better than 0.93@ed 34.5 dB due to the OBI. As shown in (5), this OBI-limited
when the CBS transmits the pilot channel only [24]. The resul&NR could not be improved easily unless the splitting ratio was
show that the DFB and FP laser have 41- and 32.5-dB margiaduced. Nevertheless, it should be noted that the low-cost LEDs
respectively, when the spurious components are less than 45 dBuld still satisfy the dynamic range requirement of 30 dB for
(OMI = 8%). However, it should be noted that these margirthe upstream transmission.
are about 15 dB higher than the extra margins shown in Fig. 7These results confirmed that the proposed network could be
since the waveform quality criterion (0.912) does not includenplemented cost-effectively by using a FP laser and LEDs for
the system margin of 15 dB. downstream and upstream signals, respectively. However, the
Fig. 9 shows the CNDR versus OMI for the upstream megerformance of this network was still limited by the OBI noise
sured by using wavelength-selected DFB lasers and LEDs. Tdfehe upstream signals, despite the broad linewidth of LEDs.
performance of the upstream was mainly limited by the sh®hus, the proposed network could accommodate not much more
noise for wavelength-selected DFB lasers. There was no degtan eight RBSs. Since the OBI noise depends only on the LEDs
dation in CNR due to the OBI since the wavelengths of DFEhewidth, the scalability of this network could not be improved
lasers were separated by at least 0.2 nm. The maximum CNB&sily even if we increased the output powers of LEDs. This
was measured to be 52 dB for the wavelength-selected DpBblem could be solved by using wavelength-selected DFB
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I
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P | celsite 247 - 433 MHz |
: Test Set
X 8 tones Multi-tone 13um /65 1
\ (121 - 163 MHz) | Generator LED ! 1x8
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Fig. 10. Experimental setup to demonstrate the proposed bidirectional PON.
lasers at RBSs. However, these lasers would require tightwar 40 1
length-stabilization circuits at RBSs, which may not be desi e experiment o 00 a0 ® 4 099

[ —— calculation

able in practice. { 098

26 dB 4 097

30

Ill. BIDIRECTIONAL PON FOR CDMA-BASED WIRELESS
COMMUNICATION SYSTEM

1 0.9

4 095
To enhance the cost-effectiveness of the proposed PON,

evaluated the possibility of using bidirectional transmission owvi

single strand of fiber. For the bidirectional transmission, itisner 1 }

1 0.94

CNDR (dB)
8
Waveform Quality

1 0.93

essary to use either SCM or WDM technique to avoid crosste | A p——"——— 0912 1 0
between the upstream and downstream signals. In case of us | o 1091
the SCM technique, the bidirectional signals should use two d 0 . . 09
ferent RF bands since both the downstream and upstream ¢ 0.001 0.01 o1 !
nals operate at the same wavelength. The crosstalk generate: OoMI

Rayleigh backscattering could be suppressed by using RF filters _ o _

[25]_ On the other hand, the WDM technique utilizes differerft9- 11 Measured CNR and Waveform qqahty of the bidirectional PON using
wavelengths for the upstream and downstream traffics. Thus?ﬁM technique for downstream transmission.
is necessary to use the wavelength-division-multiplexed (WDI\Q;D

2 .. placed at the center of the IF region. The output power of the
couplers at the end of transmission fiber to separate the bidirecs laser was 0.2 dBm. After 10-km transmission. the received
tional signals and suppress the crosstalk. ) ' '

power was measured to be23 dBm. For the upstream, we
L . _ used 1.3um LEDs to suppress the OBI caused by multiple
A. Bidirectional PON Using SCM Technique optical sources at RBSs. The output powers and spectral width
We have first demonstrated the bidirectional PON by usirgf these LEDs were-10 dBm and~50 nm, respectively.
SCM technique. Fig. 10 shows the experimental setup. We used 65:35 couplers at the end of transmission fiber to
1.3-um FP laser and 1.2m LEDs were used for the upstreanseparate the bidirectional signals. This coupling ratio was used
and downstream transmission, respectively. The bidirectiortal enhance the upstream performance without sacrificing the
transmission was achieved by using different RF bands fdownstream performance significantly. The asymmetry of the
upstream and downstream signals. The downstream sigradsipling ratio could be increased further if a high-power laser
used 247-433 MHz band while the upstream signals useedre used for the downstream transmission.
relatively low RF band of 127-163 MHz due to the inherently Fig. 11 shows the measured CNDR and waveform quality as
narrow modulation bandwidth of LEDs. As in the previous function of OMI for the downstream. When the OMI was set
experiment, we used one CDMA signal and 31 tones spacedabe within 8%, the downstream performance was mainly lim-
6 MHz for downstream transmission. The CDMA signal waied by the thermal noise of the receiver. The experimental re-
down-converted from 1.81 GHz to 337 MHz so that it can bsults confirmed that the FP laser could satisfy both the dynamic
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Fig. 13. Measured CNR and waveform quality of the bidirectional PON using

Fig. 12.  CNR versus OMI of the bidirectional PON using SCM technique fof/PM technique for downstream transmission.
upstream transmission. The inset shows the upstream spectrum measured at the
CBS.
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range and waveform quality criterion for the downstream. Wher
an unisolated FP laser and LEDs were used for downstream ar
upstream traffic, respectively, in a bidirectional SCM system, the
system’s performance could suffer from the destabilization of the @
FP laser caused by either Rayleigh backscattering or optical re iz 54 |
flection from the upstream LED, depending on the fiber length S
[26]. The typical back-reflection of commercial LEDs are about ©
—10 dB. However, the Rayleigh backscattering induced reflec: 10 }
tion of a 10-km-long fiber is merely-32 dB (at 1.3:m). Thus,
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when the fiber length is shork(~10 km), the system’s perfor- — Caloulation
mance is impaired by the optical reflection from the upstrear 0 : :
LEDs. Conversely, when the fiber length is long, the Rayleigh ~ 0.001 0.01 0.1 1

backscattered light becomes dominant since the reflected ligt OMI

from the upstream LEDs suffers the link loss twice. In this experi- o , _

ment, however,we did notobserve any performance degradafifiyL, (AR e ot btectons Ponueng oM etaue or |

caused by either Rayleigh backscattering or optical reflectiorgs.

This was because thex 8 coupler increased the link loss sig-

nificantly and the thermal noise of the receiver became dominant . =~ . .

over the sporadic noises (generated by Rayleigh backscatter@th'd'reCt'On"’1I PON Using WDM Technique

and/or optical reflection from the upstream LEDSs). The proposed PON could also be implemented by using
Fig. 12 shows the CNDR versus OMI for the upstrearWDM technique. We demonstrated such a network by re-

The inset is the upstream spectrum measured at the CBS. p&gcing the 1.32m FP laser in Fig. 10 with a 1.5pm DFB

observed significant crosstalk components at the downstrebaser. The DFB laser had an output power of 1.7 mW. The

signal band (247-433 MHz) and attributed this to the OBI bepstream optical sources were the samehBLEDs. The

tween the Rayleigh backscattered light (from the FP laser) a88:35 couplers, placed at the end of transmission fiber, were

upstream LED signals [25]. This was confirmed by measuriraso replaced with WDM couplers. Due to the high optical

the crosstalk level while changing the output power of LEDssolation of these couplers>(45 dB), the RF crosstalk was

However, these crosstalk components were removed easilysoppressed to be less tha®0 dB.

using RF filters and did not deteriorate the upstream perfor-Fig. 13 shows the measured CNDR and waveform quality

mance. In addition, the noise level at the upstream signal baasla function of OMI for the downstream. Since the link loss

(121-163 MHz) remained unchanged even when we turned offthis network (17 dB) was much less than the network using

the FP laser to remove the OBI-induced crosstalk complete§CM technology (23 dB), the achievable dynamic range was

These results indicate that the upstream performance was ingtroved to 48 dB. The RF power margin for waveform quality

affected by the bidirectional transmission. Thus, the dominamas also increased to 36 dB comparing to the network using

limiting-factor for the upstream performance would be the OB3CM technology (22 dB).

generated among multiple LEDs. The maximum CNDR for the Fig. 14 shows the CNDR versus OMI for the upstream.

upstream was measured to be about 33.5 dB, which satisfigghin, the inset is the upstream spectrum measured at the

the dynamic range requirement of 30 dB. CBS. In this case, however, the spurious components at 250—
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Fig. 15. Schematic diagram of bidirectional SCM self-healing ring network using RF switches for restoration.
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Fig. 16. Schematic diagram of bidirectional SCM self-healing ring network using optical switches for restoration.

320 MHz range were attributed to the second-order nonlitransmitted in the clockwise direction (using the transmitter for
earity of the LEDs. There was no crosstalk originated from threormal operation). Thus, this network is capable of restoring
bidirectional transmission due to the high optical isolation dhe fiber failure automatically. In addition, this network is
WDM couplers. This bidirectional network also satisfied theobust to the equipment failure since each RBS is equipped
dynamic range requirement for the upstream transmission. with two transceivers. The restoration time of this network
was measured to be less than p® for 9.3-km ring since
we used fast RF switches (switching timel ns) [27]. The
IV. BIDIRECTIONAL SELF-HEALING RING NETWORK FOR same network could also be implemented by using optical
CDMA-BASED WIRELESSCOMMUNICATION SYSTEM switches as shown in Fig. 16. This network would not require

) the duplicate transceivers, but have longer restoration time
The proposed PON based on double-star architecture pigsce most commercial optical switches (such as thermo-optic

vides fiber gain and reduces the number of optical sourc&giiches and mechanical switches) operate ms.

for downstream transmission. However, in this network, an|, cpmA systems, a pilot channel [composed of repetitive
accidental fiber-cut between the CBS and splitter could disrypte ,qonoise (PN) sequence] is sent from the base station to the
communications for~1000 subscribersx 30 subscribers/ mopjle transceivers for both the clock recovery and the identi-
channel x 4 channels/RBSx 8 RBSs). This problem of fication of the base station that they should communicate with.
reliability could be resolved by modifying the proposed netrhe mobile transceivers identify the base station using the dis-
work to have ring architecture. For example, Fig. 15 showgct PN offset (i.e, chip delay) since every base station trans-
a bidirectional self-healing ring network for CDMA-basedhits the pilot channels with identical bit patterns (all zero pat-
wireless services. In this network, each base station is equippeghs) [28]. Thus, it is specified in 1S-95 that the timing of the
with two transceivers: one for normal operation and thgilot channel (at the output of base station) should be maintained
other for restoration. In normal operation, the CBS transmifthin +£3 s [24]. In the present CDMA system, this specifica-
downstream signals in the clockwise direction while RBSgon is conformed by using the Global Positioning System (GPS)
transmit upstream signals in the counterclockwise directiogignal received at the base station [28]. However, in a micro-
However, in case of fiber cut, the control circuits at the CBgellular system, it may not be practical to install the GPS re-
and RBSs detect the transmission failure by monitoring theivers at numerous RBSs. Thus, when the fiber-cut is detected,
received RF signals and then trigger the relevant RF switchta® CBS should adjust the PN offset for each RBS to compen-
to transfer the RF signals to the other transceiver. For examplate for the changes in the fiber delay caused by the restoration.
when a fiber cut occurs between RBS 1 and RBS 2, thWith this restoration procedure, the accidental fiber-cut in the
CBS transmits the downstream signals for RBSRBS N proposed ring network would not cause more than a single bit
in the counterclockwise direction (using the transmitter fagrror since the restoration time (p8) is shorter than the bit du-
restoration) while the downstream signal for RBS 1 is stillation (104.2:s) of the CDMA signal.
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60 cost-effectiveness of the proposed network, we have also
demonstrated a bidirectional PON. There was no significant
~50 I differences in the performances between the unidirectional
% _5dBm and bidirectional PONs. This was because the upstream
Sl performances of these networks were limited by the OBI
g ~10dBm noise, and the increased link losses (due to the couplers) in
% the bidirectional PON had only a minor effect. We have also
£ E—— demonstrated the proposed network with ring architecture for
8 \ the self-healing capability. This network could be restored from
O 2} a fiber or equipment failure within 5@s. Both the networks
using double-star and ring architectures could accommodate
10 . . . . . . . about eight RBSs within the network. We believe that these
0 2 4 6 8 10 12 14 16 networks could help the development of efficient fiber-optic
Number of RBS's networks for CDMA-based wireless communication systems.

Fig. 17. The scalability of the proposed bidirectional SCM self-healing ring
network. For the scalability estimation, we calculated the achievable dynamic ACKNOWLEDGMENT
range of the upstream signal for the worst RBS.
The authors would like to thank J. M. Cheong of SK Telecom

. - __for measuring the dynamic range of upstream CDMA signals at
Fig. 17 shows the scalability of the proposed self-healing ringymymercial PCS base stations.
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